The SPR 111 bare cavity spectrum and integral parameters have been determined with 24 measured spectrum sensor responses and an independent, detailed, transport calculation. This environment qualifies as a benchmark field for electronic parts testing.
I. INTRODUCTION
Fast burst reactors are used extensively for determining the responses of electronic parts to neutron-induced displacement damage. In addition, there has been increasingly frequent testing of parts in highly modified environments in attempts either to more closely approximate particular operational environments or to simply make better use of neutron fields that are available. As a consequence of this proliferation of test configurations, there have been instances in which the measured response of an electronic part has differed by large factors (>2) from that predicted by the spectrum assumed to be valid for the test environment. In some instances this can be ascribed to gamma-ray effects. In the rest, the cause must be ascribed to: l), measurement error on the device, 2), incorrect scaling of the radiation field between the test on the part and the spectrum measurement, or 3), an incorrect spectrum determination.
There are two primary incentives for qualifying the SPR I11 free-field cavity as a reference benchmark field. The first is to provide a well established test environment for users of the facility. The standard benchmark fields at the National Institute for Standards and Technology (NIST) have fluence rates too low and volumes too small for many electronic parts testing requirements. The second is to provide a readily available source that can be used to help characterize the environments for other configurations and at other facilities.
A good measurement of the spectrum with the spectrumsensor methodology (usually called the foil activation method) requires the use of a sensor set that samples the spectrum adequately over the whole range within which the device of concern to the experimenter is sensitive. The problem is that spectra have frequently been determined from sensor sets that have poor coverage so that the resulting spectrum shape differs considerably from that in the real test environment. For example, the spectrum shape in a pool-type reactor may resemble a pure fission spectrum above 1 MeV, but be very different at lower energies where the device under test may be sensitive. Furthermore, many laboratories do not have access to fission foils (which provide sensitivity above 10 keV when covered with boron) because of difficulties with licensing and handling. For most spectrum shapes there are few other easily used foils that have response in the 0.01-to 2-MeV range.
Fortunately, silicon sensors have been proven to be very effective in establishing the fluence above 100 keV [l] and can provide the needed response coverage in the absence of fission foils. However, these sensors must be calibrated in a reference field such as in the SPR 111 cavity. Also, the SPR 111 central cavity was a baseline field for the experimental verification of the new silicon neutron displacement damage function being incorporated into the revised 1993 ASTM Standard E 722 [2].
The SPR I11 cavity environment has been characterized in the past [3,4]. However, an improved methodology for developing spectra [ 5 ] , updated dosimetry reaction cross sections [6], more accurately calibrated dosimetry systems, and expanded counting capabilities at SNL [4] together with experience gained in constructing more than 30 different spectra provide the more realistic spectra needed to satisfy the requirements for electronic parts testing in widely varied environments. In fact, the consistency of the primary activity data, as reflected in the quality of the spectrum fit for so many sensors, may serve as a model for how well spectra can be determined by a carefully chosen and carefully evaluated sensor set. This paper describes the characteristics of the SPR 111, the modeling of the cavity spectrum, the measurements of the foil activities, the construction of the spectrum with the aid of the SAND11 code [7], the final spectrum results, and analyses of the uncertainties.
'This work was performed at Sandia National Laboratories, which is operated for the U.S. Each is calibrated regularly against a mixed radionuclide gamma r e f e r e n c e source, Q C D . l , from Amersham International. vpically the detectors will yield values for the activity of the same foil that are reproducible to within 1-3%. If detector counts total more than lo4, and background counts are low so that statistical uncertainties are small, then the uncertainty of an activity measurement is about 5 % for nonfission foils. The uncertainty for fission foils is about 6% because of the added 1% uncertainty of the fast-fission cumulative yiel'd of 14'La.
provide a basis for the pre-experimental determination of the effect of test articles on the test environment, Detailed models of the SPR 111 reactor have been prepared for use in radiation transport calculations with the TWODANT and Monte C a r l o Neutron Photon ( M C N P ) codes. TWODANT r-z and r-0 geometries [ 9 ] and detailed (272 regions and 287 surfaces) MCNP [lo] geometries that include the reactor room/Kiva and storage pit [ll] have been compared to measured [9,12] element worths, Ak, and assembly multiplication factors k,B, and found to be in good agreement. (It must be pointed out here that references 9, 11 and 12 are unpublished internal memoranda that can be obtained from the individual authors at Sandia National Laboratories.) Table 1 presents the calculated eigenvalues, k, , , from the MCNP model for various configurations of the SPR 111 control rods and safety block. The starred configurations correspond to a delayed critical configuration. Table 2 compares the calculated worth of various parts of SPR 111 with the worths deduced from experimental measurements [12] . The agreement of the calculated eigenvalues and reactivity worths with measurement attests to the fidelity of the reactor modeling. 
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The RML is also equipped for sulfur dosimetry. Its sensitivity is regularly compared with NIST and the counting facilities at Aberdeen Proving Grounds and at the White Sands Missile Range (WSMR). Thermoluminescence (TLD) gamma-ray dosimeters are also used regularly. 
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B. Spectrum Modeling
The detailed MCNP model [ll] was used with a rindpoint detector in the central cavity and at the 17-in (43.2 cm) leakage location corresponding to the geometries where the activation sensors used in the SANDII spectrum determination were fielded. Calculations were done to determine the energydependent neutron spectrum at the central cavity and 17-in leakage locations. Figure 1 compares the MCNP-calculated spectra to the experimentally measured spectra. The differential number spectra shown in the figure are normalized so that the fluence greater than 10 keV, Ql0 keV integrates to one.
The agreement between the unfolded SANDII spectrum and the MCNP calculation is fairly good. The thermal part of the cavity spectrum was found to be very sensitive to the modeling of the Kiva ceiling and the fission detectors located immediately above the reactor. The thermal tail in the leakage spectrum could be improved by better modeling of the auxiliary equipment in the Kiva.
Several consistent shape differences are seen between the measured and calculated spectra. There is a slight rise in the measured distribution relative to the calculated distribution in the 50-300 keV energy range. This results in a significant depression in the resonance energy region (10 eV -5 keV).
Uncertainty in the inelastic scattering cross sections used in the radiation transport cross sections for the fuel and support structure may be responsible for this difference.
C. Calculated Sensor Response
The model used in the spectrum calculation was also used to determine calculated foil activities. The 640 energy-group dosimetry cross sections from the SNLRML library [13], with attenuation by the appropriate cover materials, were used as response functions in the MCNP calculation to ensure a highfidelity comparison with the SANDII best-fit activities. Table  3 compares the C/E (MCNP Calculated/Experimental activation foil) ratios. The calculated activities were scaled to the SANDII-determined neutron fluence for the measured reactor exposures.
The C/E ratios for the high-threshold-energy sensors are seen to be very good, typically within 57% of unity. 25-30% differences are seen for the thermal Au-based sensors. The 59Co(n,y)60Co sensor that determines the SANDII resonanceregion spectrum (100 eV-1 keV) shows a 40% disagreement. These sensor response data are very consistent with the spectrum comparison discussed in Section 1II.B. Table 3 shows that the scoring uncertainties in the MCNP calculated sensor activities were very small, typically less than 2%. The energy-dependent fluence had larger uncertainties. This version 4.2(xg) of MCNP includes estimates of the variance-of-the-variance [14] . Column 9 of Table 3 shows that most of the sensor response uncertainty estimates were very reliable, typically passing 8 or more of the 10 tests for good convergence and complete sampling of the underlying probability density function (pdf). It must be noted that several other sources of calculational uncertainty exist besides the statistical scoring. These sources of uncertainty include the transport cross sections, the geometry modeling, and the accuracy of the SPR 111 geometry and material compositions used to construct the model. Column 12 of Table 3 shows the spectrum-averaged uncertainty in the sensor response due just to the evaluator-specified uncertainty in the dosimetry cross section. Although consistent cross sections were used in the SANDII unfold and in the MCNP calculation, this uncertainty affects the agreement between the experimentally-measured activities and the SANDII calculated activities, which in tum affects the comparison of spectrum shapes in Figure 1 . A sensitivity analysis employing adjoint transport techniques is required to further quantify the true calculational uncertainty. The estimated uncertainty of the calculations (10% for high energy, 25% for resonance region, and a factor of two for thermal regions for energy-dependent quantities) is consistent with the observed C/ E agreement of the sensor responses and the spectral shape.
D. Agreement Between Experiment and Model
IV. THE MODIFIED SANDII METHOD
The modified SANDII methodology has been described previously [5]. The code uses a trial spectrum and a dosimetry cross section library to calculate activities that are then compared with the activities measured in the test environment. The code then generates a new trial spectrum that provides a standard deviation, S.D., between the measured and calculated activities that is lower than that of the initial or previous run. This process continues until the S.D. falls below a user defined value, typically 5%. However, the code needs assistance from the analyst, because it can change the spectrum only where the foil set has significant response. Thus a poor initial trial spectrum with poor sensor coverage will lead to a very distorted and physically unrealistic spectrum. Our approach has been to identify and use a set of sensors that provide such good coverage that the form of the initial trial function becomes almost irrelevant to the final result because the range of solutions that provide matching activities is very limited. For test programs that require a wide range of configurations, it is advantageous to be able to determine spectra without having to have a good trial spectrum a priori. In some cases the details of the material composition of the test package and support structure is not known sufficiently well to permit an adequate calculation of a trial.
Therefore, there are three key factors that are necessary in order to determine a spectrum properly; 1) adequate sensor coverage over the range of energies relevant to the user, 2) accurate and consistent response functions, and 3) accurately measured sensor responses. Consistency here means not only that the sensor set has repeatedly demonstrated that physically meaningful results are obtained with a small calculated/measured deviation for each sensor, but also that each sensor received the same (or properly scaled) fluence and spectrum shape.
The cross section uncertainties have been minimized by using an updated dosimetry cross section library, SNLRML [13] , that is primarily based on the recently released ENDFB-VI [15, 161 and IRDF-90 [17] cross section files. Some cross section selections have been made after discussions with evaluators and after evaluation of our own experiences with consistency in the spectra determination work. The SNLRML cross section library will soon be available through the Oak Ridge National Laboratory (ORNL) Radiation Shielding Information Center (RSIC). Table 3 lists the reactions whose activities were measured after exposure in the SPR I11 cavity. In addition to the normal dosimetry sensors, SNL-specific fission foil compositions were used. These are labeled as RMLEU for enriched uranium, RMLDU for depleted uranium, and RMLPU for plutonium fission foils. The activities have each been scaled by the power monitor on the reactor to the total energy recorded on the first exposure, reactor operation 8827, and checked for consistency with the ratios of sulfur activities. The reactions with stars (*) next to the reaction number indicate activities that were used in the determination of the final measured spectrum, named SPR3CAV28, plotted in Figure 1 . Section V.B explains the criteria for rejecting some of the measured sensor responses.
V. RESULTS
A. The Activities
To ensure equal fluence on each foil, sensors were mounted in two rings 2.5 cm above and below the core vertical fluence maximum at a radius of 11.4 cm. The last two runs were performed at higher yields to provide sufficient activity on some of the weaker foils. The uncertainty introduced by scaling the activities by the yield is <1% because they were run at the same power for different lengths of time. The second run was configured primarily for foils that had to be exposed in boron shields. These had to be separated from foils sensitive to low-energy neutrons that might be shadowed by the boron.
The low-energy portion of the spectrum ( 4 0 0 keV) constitutes only a small fraction of the fluence, so it was possible to expose fission foils without the boron shield (no danger of overheating). Although these provided additional responses, the shape of the spectrum shifted the range of response to higher energies, making them less independent. This upward shift in range has another effect. Experiments [4] have shown that at high energies the attenuation by our boron covers calculated with SANDII is underestimated by 4 to 5%, because the code uses only exponential attenuation of the boron absorption cross section and ignores the effects of scattering. The current exponential attenuation cover model does not account for this scattering effect. Therefore, for Table 3 and for the SANDII analysis, the activities of the boron-covered fission foils were increased by 4%.
The uncertainties in the activities are only slightly influenced by counting statistics because they are all counted until about lo4 counts are recorded. Each foil is counted on at least two different detectors to reduce detector-associated errors. The activities from different, separately calibrated detectors, usually differ by less than 2%. The uncertainties of the sources in the Amersham set used regularly to construct the efficiency factors for each gamma-ray energy vary from 1 to 3%. Table 3 shows the counting-uncertainty of the activities. Additional activity uncertainty components include planchet positioning, calibration curves, reactor yield scaling, fission yield uncertainty, and correction for decay between exposure and reading. When all these terms are considered, an assignment of -5% uncertainty to all of the activity measurements is justified.
B. The Spectrum
It often goes unnoticed that the best choice of sensor set depends on both the spectrum and the device or object to be tested. In fact, it frequently turns out that some responses must be removed from the set after the general form of the spectrum has been established. The identification of outliers is easier when many responses are used. This step in judgment is necessary no matter what kind of spectrum "unfold" method is used.
The spectrum shown in Figure 2 resulted from running the SANDII code for 15 iterations with 30 of the response functions for the SPR I11 central cavity exposures shown in Table 3 , The sensor set includes cadmium and cadmium-plus-boroncovered Na, Mn and Sc foils. These foils are normally very useful in environments with large, low-energy tails in the neu-
tron spectra, such as are encountered near pool-type reactors, because their cross sections are very well known near their principal resonances. However, the SPR I11 spectrum shifts their response regions far upward in energy (as is shown by the energy limits in Table 3) where their cross sections are not as well established. (Although the Cd-covered 55Mn(n,y)56Mn response limits reaches down to its resonance, it still has only 16% of its response there.) This distortion is not an activity measurement problem. The code tries to alter the spectrum where the foils have high cross sections in an effort to make the activities agree with the measurements. Distortions in the same direction by each foil are very repeatable in the spectra we have examined that have small low-energy tails. It is unreasonable to include a reaction in the sensor set that distorts the spectrum in a region where it has such a small fraction of its response. Furthermore, since the spectrum is so low in the region of the resonances, the code must shift the spectrum by a large amount in that region in order to change the calculated activity even slightly. Unlike the LSL-M2 least squares spectrum adjustment code [18] which uses the covariance uncertainty matrices, SANDII cannot weight the influence of each reaction at each energy by the uncertainty in the cross section.
There is a shaded band following the spectrum in Figure 2 which shows the results of a perturbation analysis. This perturbation analysis demonstrates how resistant the solution spectrum is to perturbation of the trial. For this study, the trial spectrum was perturbed by the half cycle of a sine function in log space centered at one of the energies of the trial [4]. The perturbation was a maximum of 30% at the chosen energy and tailed off to zero on each side. The dashed curves in Figure 2 show initial upward and downward perturbations of the trial at 2 MeV. Then the code was run to see how well the perturbation was reduced at the chosen energy after 15 iterations. This procedure was repeated (upwards and downwards) for each energy of the trial. The exercise illustrated the dependence of the solution on the trial spectrum. The primary point here is that above 300 keV there is almost no dependence of the important integral parameter, the 1-MeV silicon equivalent fluence, on the trial function.
For better coverage, it had been our intention to shift the response of the 23Na(n,y)24Na, 55Mn(n,y)56Mn and 4SSc(n,y)46Sc reactions upward into the 1-100 keV region by putting them in boron covers, but the shift was too large to be useful for this spectrum. We believe this arrangement would be useful in pool-type reactor environments if fission or silicon damage sensors were not available.
It is interesting to point out that at the 23Na(n,y)24Na resonance near 3x10" MeV the code could not correct for the perturbation, but at l~l O -~ MeV the s9Co(n,y)60Co reaction pinches the spectrum together very tightly. Thus we are justified in forcing the spectrum through this narrow channel.
C. Integral Parameters
Since the net response of an object exposed to neutron damage is proportional to the integral of its response function over the spectrum, it is ultimately the integral parameters and their uncertainties that are relevant for evaluating the integrity of the characterization of the environment.
The integral parameters listed in Table 4 are useful in testing associated with silicon displacement damage, and are discussed in detail in such ASTM standards as E 720, E 721 and E 722. The parameters of Table 4 and others are defined in section VII. Basically, the SP relates the fluence above 3 MeV, usually measured by sulfur or nickel foils included with the device under test (DUT), to the fluence greater than 10 keV above which silicon devices begin to respond. The HP is a measure of the average silicon damage effectiveness of the neutrons in this spectrum as compared to that of an average 1-MeV neutron.
The perturbation analysis, described in Section V.B., demonstrated that the initial trial function used in the SANDII methodology exerted negligible influence on the spectrum above 100 keV. Therefore, except for "tot, the uncertainties in the other important integral parameters depend only on the combined uncertainties in the cross sections and in the activity measurements. These are conservatively estimated to be 6% and 5%, respectively. These combine to provide the 8% uncertainty assigned to most of the integral parameters. The uncertainty in the silicon damage function is not relevant because, as detailed in the ASTM E 722-93 standard, it should be treated as an exposure parameter, and it is assumed that everyone doing silicon device tests will use the one contained in the latest ASTM standard. As was pointed out earlier, although the spectra derived with the use of the 30 reactions and the 24 reactions look different below 100 keV, the differences in the derived integral parameters are small. Although enough sensors have been used in the sensor set for the SPR I11 cavity to give a fairly good characterization below 100 keV with the %o(n,-y)"Co and 197Au(n,y)'98Au reactions, that energy region only contains 6% of the fluence. Thus an integral effect such as the displacement damage in silicon devices depends only slightly on the neutrons below 100 keV. For effects caused by boron capture in an object, however, the low energy uncertainties might cause problems. The SPR I11 cavity environment is not well suited for studies of the effects of slow neutrons.
VI. SUMMARY AND DISCUSSION
The measured SPR 111 cavity spectrum is characterized by a very smooth curve that predicts the measured activities with a standard deviation of 3.5% for 24 sensors. Within the limitations of the computational model, the spectrum is also very close to that provided by MCNP calculations as shown in Figure 1 [ 19, 201 . The activities have demonstrated good consistency with each other. A number of the measured activities were not used in the final determinations; some because they are redundant, some because they have demonstrated consistent deviations in the same directions over many and varied spectrum measurements (showing cross section errors), and some because they distorted the spectrum in energy regions where they had little response.
The activity measurements were reproducible (usually to better than 2%) on separately calibrated detectors whose sensitivities are traceable directly to NIST standards.
Special care has been taken to establish this SPR I11 spectrum for a number of reasons. First, the stricter requirements for electronics parts testing that are being applied [21] require much better characterized and documented test environments.
Second, the SPR III cavity has been used to verify the new silicon damage function and is thereby doubly appropriate as a reference source. Third, this environment can be used to help establish the radiation characteristics in other facilities and contigurations. Fourth, it can be used to calibrate silicon transistor or diode sensors that can be used elsewhere to verify spectra.
The last reason for establishing a well-characterized SPR I11 spectrum is more important than it may first seem. A new method has been developed by which a laboratory that has a well-characterized environment can use a simple set of sensors such a transistors, sulfur and perhaps a few other foils along with TLD gamma-ray dosimeters to verify spectra determinations conducted at distant sites [21] . Many of the most useful reactions listed in Table 3 have half-lives too short for practical transportation to a distant counting laboratory. Therefore most of the determinations of the sensor responses for a good spectrum measurement must be made locally.
A full report, in which all the necessary data will be included to document this spectrum determination, is being prepared to qualify the SPR 111 central cavity as a reference benchmark field, and to meet the CSEWG benchmark field specification requirements [8]. 
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